proteolysis or LDLR is reused and is recycled back to cell surface to take up the next cargo. 3, 4 In the recent years, several proteins, such as PCSK9 (proprotein convertase subtilisin/kexin type 9) and IDOL (inducible degrader of the LDLR), [5] [6] [7] have been identified that avert the reuse of LDLR through directing LDLR to the lysosomes, but the mechanism preventing the lysosomal fate and directing LDLR back to the cell surface is still not fully elucidated.
We recently uncovered the COMMD1 (copper metabolism MURR1 domain 1) as a novel factor in endosomal LDLR trafficking. 8 Loss of hepatic COMMD1 impairs the endocytic LDLR recycling, which subsequently results in increased levels of plasma LDL cholesterol in dogs and mice. 8 In addition to LDLR, COMMD1 also facilitates the endosomal trafficking of other receptors, such as the copper transporting protein ATP7A (ATPase copper transporting α) and ATP7B (ATPase copper transporting β), to maintain copper homeostasis. [9] [10] [11] COMMD1 is assembled into the CCC (COMMD-CCDC22 [coiled-coil domain containing 22]-CCDC93 [coiled-coil domain containing 93]) complex together with chromosome 16 open reading frame 62 (C16orf62) and the coiled-coil proteins CCDC22 and CCDC93. 9 The CCC complex localizes to endosomes through physical association with the WASH (Wiskott-Aldrich syndrome protein and SCAR homologue) complex. 9 The recruitment of the CCC and WASH complexes to the endosomes is dependent on the retromer subunit VPS35. 8, 9, 12 WASH activates the Arp2/3 (actin-related protein 2/3) complex to deposit branched actin filaments on endosomes, which is essential for the architecture of the endosomal and lysosomal network and endosomal receptor trafficking. [12] [13] [14] The exact function of the CCC complex within the endosomal sorting
Nonstandard Abbreviations and Acronyms
Apo apolipoprotein
ATP7A
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Novelty and Significance
What Is Known?
• The COMMD (copper metabolism Murr1 domain) family member COMMD1 participates in the CCC (COMMD-CCDC22-CCDC93) complex to facilitate endosomal trafficking of several transmembrane proteins, including the LDLR (low-density lipoprotein receptor).
• Studies in mice and dogs showed that hepatic COMMD1 deficiency increases plasma low-density lipoprotein cholesterol levels because of impaired endosomal LDLR transport, resulting in reduced LDLR levels at the cell surface.
• Hepatic COMMD1 deficiency reduces the protein expression of CCDC22
and CCDC93, and all 10 members of the COMMD protein family can interact with CCDC22, a protein that when mutated causes X-linked intellectual disability, a severe developmental disorder accompanied by hypercholesterolemia.
What New Information Does This Article Contribute?
• Using liver-specific knockout mice for Commd1, Commd6, Commd9, and Ccdc22, we show that the integrity of the CCC complex and the protein stability of all members of the COMMD family are dependent on each other and that inactivation of the CCC complex in mouse livers leads to reduced cell surface levels of LDLR and LRP1 (LDLR-related protein 1), accompanied by increased plasma low-density lipoprotein cholesterol levels.
• The CCC complex facilitates endosomal trafficking of LDLR and LRP1.
• Hepatic inactivation of the CCC complex accelerates atherosclerosis in a mouse model with a human-like lipoprotein profile. Overall, our studies suggest that the endosomal trafficking of LDLR and LRP1 in clearing ApoB-containing particles are dependent on the CCC complex and that the integrity of the CCC complex relies on the expression of all members of the COMMD family.
LDLR is a pivotal receptor in clearing plasma low-density lipoprotein cholesterol, and an impaired function of LDLR causes hypercholesterolemia and increased cardiovascular disease risk. The intracellular route of LDLR has been well established, but the mechanisms by which intracellular LDLR trafficking is orchestrated remain unclear. Mutations in the gene encoding for the CCC complex component CCDC22 cause the severe developmental disorder X-linked intellectual disability in humans. In this study, we examined the contribution of other COMMD proteins to plasma lipoprotein levels and atherogenesis. We found that the integrity of the CCC complex is not exclusively controlled by COMMD1 but by numerous members of the COMMD family. Furthermore, we showed that the stability of the COMMDs in hepatocytes relies on the CCC core component CCDC22, indicating a strong interrelation between the COMMD family and the core of the CCC complex. In addition, we found that not only the surface levels of LDLR are affected by CCC inactivation but also the surface levels of LRP1, implying that the CCC complex facilitates the endosomal trafficking of several members of the LDLR family. These reduced surface levels of LDLR and LRP1 eventually resulted in increased plasma ApoB-containing particles and accelerated atherosclerosis in mice. This study assigns a large number of candidate genes controlling plasma low-density lipoprotein cholesterol levels; however, whether plasma cholesterol levels and cardiovascular disease risk in humans can be explained by genetic variants in these genes needs to be evaluated.
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process is still unknown, but it is hypothesized to coordinate selective endosomal receptor trafficking. COMMD1 belongs to the COMMD family, which consists of 10 members, each characterized by a carboxyl-terminal COMM (copper metabolism MURR1) domain, which mediates physical interaction with other COMMD proteins. 15 COMMD proteins are ubiquitously expressed and are conserved throughout evolution from lower organisms to higher vertebrates. 15, 16 The COMMD proteins have a vital role in mouse embryonic development, as Commd1, Commd6, Commd9, or Commd10 knockout mice are embryonically lethal [17] [18] [19] [20] and die at different stages of embryogenesis, suggesting nonredundant functions of COMMD proteins during development. Although several studies have shown that the 10 COMMD proteins exist in large macromolecular complexes containing the CCC core components CCDC22, CCDC93, and C16orf62, 9, 18, 21, 22 their role in the regulation of plasma cholesterol levels and atherogenesis has yet to be determined.
This study provides novel insights into the molecular organization of the endosomal sorting machinery in the coordination of intracellular trafficking of members of the LDLR family, such as LDLR and LRP1 (LDLR-related protein 1) and imply that all 10 COMMD proteins and the CCC core components may be potential targets modulating plasma lipid levels in humans.
Methods
The authors declare that all supporting data are available within the article (and its Online Data Supplement).
A brief description of the methods is provided below. For a detailed description of the methods, please refer to the online Data supplement.
Animals
All animal studies were approved by the Institutional Animal Care and Use Committee, University of Groningen (Groningen, the Netherlands). Detailed description of the different mouse models can be found in the Online Data Supplement.
Hepatic Lipid Extraction
Lipid was extracted from liver homogenates and prepared as 15% (wt/vol) solutions in PBS, as previously described. 23 Samples were used to determine total cholesterol and triglyceride content.
Fast-Performance Liquid Chromatography
Plasma samples of each group of mice were pooled and fractionated by fast-performance liquid chromatography as previously described, 24 with minor modifications. In brief, the system contained a PU-980 ternary pump with an LG-980-02 linear degasser and a UV-975 UV/ VIS detector (Jasco, Tokyo). EDTA plasma was diluted 1:1 with Tris-buffered saline, and 300 μL sample/buffer mixture was loaded onto a Superose 6 HR 10/300 column (GE Healthcare, Lifesciences Division, Diegem) for lipoprotein separation at a flow rate of 0.5 mL/ min. Total cholesterol and triglyceride content of the fractions was determined as described above.
Cholesterol and Triglyceride Analysis in Plasma and Liver Homogenates
Total cholesterol (TC) levels were determined using colorimetric assays (11489232; Roche) with cholesterol standard FS (DiaSys Diagnostic Systems GmbH) as a reference. Triglyceride levels were measured using Trig/GB kit (1187771; Roche) with Roche Precimat Glycerol standard (16658800) as a reference.
Cell Lines
HEK293T, Huh7, and HepG2 cells were cultured in DMEM GlutaMAX, supplemented with 10% fetal calf serum and 1% penicillin streptomycin solution. RAW 264.7 cells were cultured in RPMI medium GlutaMAX, supplemented with 10% fetal calf serum and 1% penicillin streptomycin. All cell lines were cultured at 5% CO 2 and 21% O 2 . HEK293T, Huh7, HepG2, and RAW264.7 cells, in which COMMD1 and COMMD6 were stably silenced using short hairpin RNA (detailed below), were selected by 1 μg/mL puromycin. Primary hepatocytes were cultured as described previously. 8 
RNA Interference
COMMD1 was stably silenced in HEK293T and HepG2 cells using short hairpin RNA as previously described. 17 A plasmid encoding short hairpin RNA against COMMD6 was generated by cloning a target sequence specific for human COMMD6 (AATGACGATTCCACAGTTTCA) or mouse COMMD6 (TGACAATTCCACAATTTCA) into the pLKO-TRC vector. HEK293T, HepG2, and RAW264.7 cell lines were infected with lentiviral particles carrying the pLKO-TRC or pLKOshCOMMD6 vector.
Sucrose Gradients
Male mice (wild type [WT] and Commd1 ΔHep ) were fasted for 4 hours and euthanized. Livers were isolated and processed as described previously.
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Immunoprecipitation Analysis
Immunoprecipitation experiments were performed as described before. 8 In this study, HEK293T cells and primary hepatocytes were used. Mouse anti-COMMD1 (MAB7526; R&D Systems) antibodies were used to immunoprecipitate COMMD1; rabbit anti-COMMD6 (custom made 25 ) was used to immunoprecipitate COMMD6. Normal IgG was used as a negative immunoprecipitation control.
Gene Expression Analysis
Cells were grown to 70% confluency and lysed with QIAzol Lysis Reagent (Qiagen). Pieces of murine liver of ≈100 mg were homogenized in 1 mL QIAzol Lysis Reagent (Qiagen). Total RNA was isolated by chloroform extraction. Isopropanol-precipitated and ethanol-washed RNA pellets were dissolved in RNase/DNase-free water. One microgram of RNA was used to prepare cDNA with the Transcriptor Universal cDNA Master kit (Roche), according to the manufacturer's protocol. Twenty nanograms of cDNA was used for subsequent quantitative real-time polymerase chain reaction using the FastStart SYBR Green Master (Roche) and 7900HT Fast Real-Time PCR System (Applied Biosystems).
Western Blot
For Western blot, total cell lysates and liver homogenates were obtained using NP-40 buffer (0.1% nonidet P-40 , 0.4 mol/L NaCl, 10 mmol/L Tris-HCl [pH 8.0], and 1 mmol/L EDTA) supplemented with protease and phosphatase inhibitors (Roche). Protein concentration was determined using the Bradford assay (Bio-Rad). Thirty micrograms of protein was separated using SDS-PAGE and transferred to Amersham Hybond-P PVDF Transfer Membrane (GE Healthcare; RPN303F). Membranes were blocked in 5% milk in trisbuffered saline with 0.01% Tween-20 and incubated with the indicated antibodies. Proteins were visualized using a ChemiDoc XRS+System (Bio-Rad) using Image Lab software version 5.2.1 (Bio-Rad).
Antibodies
Antibodies used for Western blot and immunofluorescence are described in the Online Data Supplement.
Targeted Proteomics
To quantify the protein concentrations of the COMMDs, components of retromer, the CCC and WASH complexes, LDLR, LRP1, Apo (apolipoprotein) A1, ApoB100, and ApoB48 in the samples of the different mouse models, we developed targeted proteomics assay. Detailed description is provided in the Online Data Supplement.
Statistical Analysis
In vitro data were obtained from 3 independent experiments±SEM. Mouse data show average values±SEM, n=7 to 12. Analyses were performed using GraphPad version 6.05 (GraphPad software). The Student t test was used to test for statistical significance between 2 groups. For all experiments, a P value of <0.05 was considered statistically significant.
Results
Hepatic Commd6 Ablation Results in Increased Plasma LDL Cholesterol Levels
To understand the biological role of COMMD proteins in lipoprotein metabolism, we used COMMD6 as a prototype for the COMMD family, as COMMD6 primarily consists of the COMM domain, 15 a region of the COMMD proteins that is crucial for multiple protein-protein interactions, including the interaction with LDLR and the CCC core component CCDC22. 8, 9 A Commd6 conditional knockout mouse model was generated by flanking exon 3 of Commd6 with loxP sites (Online Figure IA) . Mouse genotypes were confirmed by Southern blot and polymerase chain reaction (Online Figure  IB and IC). To assess the role of hepatic COMMD6 in lipoprotein metabolism, we deleted Commd6 in hepatocytes by crossbreeding Commd6 F/F mice with transgenic mice expressing Cre-recombinase specifically in hepatocytes (Alb-Cre).
Liver-specific Commd6 knockout mice (Commd6Δ
Hep
) were born in the expected Mendelian frequency, and the absence of COMMD6 in hepatocytes was validated on mRNA, and protein levels by quantitative real-time polymerase chain reaction and Western blot (Online Figure ID and IE). No overt differences were observed between hepatic Commd6 knockout animals and Commd6 F/F littermate controls (hereafter referred to as WT), with regard to body weight, liver weight, and liver histology (Online Figure IIA through IIC) . However, hepatic COMMD6 deficiency resulted in a ≈37% increase (P<0.01) in plasma TC levels on a chow diet and a ≈40% increase (P<0.001) in plasma TC levels on a high-fat high-cholesterol (HFC) diet compared with WT animals ( Figure 1A and 1B). Plasma triglyceride, hepatic cholesterol, and triglyceride concentrations were unaltered by hepatic Commd6 ablation ( Figure 1A and 1B). Using a specifically developed targeted proteomics approach, we observed that the plasma levels of ApoB100 were significantly elevated (P<0.01) in Commd6Δ
Hep mice, both on chow and HFC diet feeding ( Figure 1C and 1D, insets). Plasma ApoA1 levels were also increased (P<0.01) in Commd6Δ
Hep mice but only after feeding chow diet and not on HFC diet feeding ( Figure 1C and ΔHep mice fed a chow or a high-fat highcholesterol (HFC) diet for 1 wk (n=7-9). The average total cholesterol levels of fast-performance liquid chromatography fractionated plasma of the experimental groups of mice fed either a chow (C) or a HFC (D) diet. Insets in C and D, Plasma Apo (apolipoprotein) B100 and ApoA1 levels of Commd6
ΔHep and WT, indicated by fold change vs WT controls. Group averages and SEM are shown. **P<0.01, ***P<0.001 (compared with control groups).
1D, insets). In line with the elevated plasma ApoB100 levels, the lipoprotein profile of WT and Commd6Δ
Hep animals fed a chow or HFC diet (Figure 1C and 1D 
COMMD6 Colocalizes With the WASH Complex and Retromer
Previous in vitro data indicated that COMMD1 and the WASH complex act together to facilitate endosomal trafficking of LDLR. 9 We investigated whether COMMD6 is also associated with the WASH complex on the endosome. Because there are no appropriate antibodies to determine the subcellular localization of COMMD6 by immunofluorescence staining, we used the CRISPR/Cas9 gene editing technology to fuse a V5-epitope tag to endogenous COMMD6 in HEK293T cells. These cells were targeted with a sgRNA recognizing the stop codon of COMMD6 and a corresponding repair template to incorporate the V5-tag before the stop codon (Online Figure  IIIA) . Immunofluorescence staining showed that COMMD6 strongly colocalizes with WASH1, FAM21, and COMMD1, almost to a similar degree as seen between COMMD1 and WASH1 and FAM21 (Online Figures IVA through IVC and VA). The recruitment of the WASH complex and COMMD1 to the endosomes rely on the retromer subunit VPS35, 8, 9, 12 and therefore, we examined COMMD6 localization relative to VPS35. COMMD6 overlapped with VPS35 almost to the same extent as COMMD1 and VPS35 (Online Figures IVA through IVC and VA). Next, we determined the effect of COMMD6 deficiency on the total and surface levels of LDLR in primary hepatocytes. Ablation of COMMD6 impaired the total expression and the expression of LDLR at the plasma membrane (Online Figure VB) . Similar effect on the total and plasma membrane expression of LRP1 was seen (Online Figure VB) . The reduced total LDLR and LRP1 levels can likely be explained by increased lysosomal degradation because of impaired receptor recycling, similar as seen in WASH1-deficient mouse fibroblast cells. 8, 26 These observations indicate that both COMMD6 and COMMD1 are localized in a WASH and retromer-enriched subcompartment of the endosome and suggest that COMMD6 may also participate in the CCC-WASH axis in endosomal sorting of receptors, including LDLR and LRP1.
COMMD6 Is Indispensable for COMMD1, CCDC22, and CCDC93 Protein Expression
To further evaluate the biological role of COMMD6 in CCC complex functioning, we stably downregulated COMMD6 expression in cells of different origins. The protein and mRNA levels of COMMD6 were both markedly reduced in HEK293T and RAW264.7 cells expressing short hairpin RNA targeting COMMD6 (Figure 2A and 2B) . Unexpectedly, silencing of COMMD6 significantly decreased COMMD1 protein levels ( Figure 2A ) without affecting COMMD1 mRNA ( Figure 2B ). However, silencing of COMMD1 did not reduce COMMD6 protein levels (Figure 2A ). Taken the effect of liver-specific ablation of Commd6 on plasma lipid levels, we also silenced COMMD6 in the hepatocellular carcinoma cell lines HepG2 and Huh7 and found similar effects as described above ( Figure 2C ). To assess whether reduced COMMD1 levels in COMMD6 knockdown cells are caused by increased proteasomal degradation of COMMD1, we treated control and COMMD6 knockdown cells (HEK293T and RAW264.7) with the proteasomal inhibitor MG132. Blocking proteasome activity partially restored COMMD1 protein levels in COMMD6 knockdown cell lines (Figure 2D ), suggesting that COMMD1 instability is partially ubiquitin dependent. In line with previous studies, 15, 25 we observed that COMMD1 and COMMD6 are physically associated with each other, as determined by coimmunoprecipitation assay (Figure 2E) .
The results of COMMD6 ablation on COMMD1 levels in different cell lines led us to investigate the effect of hepatic COMMD6 inactivation on the protein levels of COMMD1 and the CCC components CCDC22 and CCDC93 in mice. As observed in COMMD6 knockdown cells, depletion of Commd6 in mouse hepatocytes blunted COMMD1 protein levels, accompanied by reduced protein levels of the CCC core components CCDC22 and CCDC93 ( Figure 2F ). The decreased COMMD1, CCDC22, and CCDC93 levels were not caused by aberrant gene expression ( Figure 2G ). These data indicate that COMMD6 form a protein complex with COMMD1 that is indispensable for the protein stability of CCC complex in endosomal receptor recycling.
Stability of COMMD Proteins Associated With the CCC Complex Depends on Other COMMD Proteins
Because all COMMDs can participate in the CCC complex through an interaction with CCDC22, 16 this prompted us to assess whether COMMD6 deficiency also affects the protein levels of other COMMD family members. Deletion of hepatic Commd6 markedly decreased all detectable COMMD proteins ( Figure 3A) , however, not all to the same degree ( Figure 3A) , as COMMD3 levels were only moderately decreased compared with other COMMD proteins ( Figure 3A) . The adverse effect of Commd6 deletion on COMMD1 protein levels made us to decide to also assess the consequence of hepatic COMMD1 deficiency on the protein levels of COMMDs in mice. The effect of hepatic Commd1 deletion on COMMD protein amounts was similar to Commd6 depletion ( Figure 3A and 3B).
Given the difficulty in detecting all COMMD proteins using specific antibodies, we measured the COMMD protein concentrations in liver homogenates with specifically developed targeted proteomics assays. We used isotopically labeled standards combined with liquid chromatography-mass spectrometry analysis for accurate quantification of the proteins studied. 27 In line with the Western blot results, hepatic Commd1 and Commd6 depletion in mice significantly reduced the expression of all COMMD proteins ( Figure 3C ; Online Table I ). Furthermore, the CCC core subunits were reduced by ≈70% (P<0.05) in COMMD1-and COMMD6-deficient livers ( Figure 3C ; Online Table I ), whereas the expression of the retromer subunits, LDLR and LRP1, were unaffected ( Figure 3C ; Online Table I ). Intriguingly, the expression of the WASH component WASH1 was increased by ≈50% (P<0.05) after loss of COMMD1 or COMMD6. Altogether, these results suggest that the integrity of CCC core complex (CCDC22, CCDC93, and C16orf62) and the protein expression of all COMMDs depend on the expression of COMMD1 and COMMD6.
Although the amount of most COMMD proteins was reduced by ≈70% in Commd1 and Commd6 knockout livers compared with WT livers (P<0.05), COMMD3 protein levels were only decreased by ≈50% (P<0.05). To understand which fraction of COMMD3 is adversely affected by COMMD1 deficiency, we assessed the relative distribution of COMMD1 and COMMD3 within CCC-, WASH-and retromer-positive endocytic compartments in cells using sucrose gradient fractionation. In WT livers, COMMD1 and COMMD3 had a similar distribution and partially cosedimented with vesicles containing the CCC (CCDC22 and CCDC93) and WASH (WASH1 and FAM21) complexes. Furthermore, a percentage of COMMD1 and COMMD3 were present in the same fractions as LDLR ( Figure 4A ). Hepatic COMMD1 inactivation not only blunted the expression of CCDC22 and CCDC93 ( Figure 4A ) but also markedly abolished COMMD3 associated with the CCC and WASH complexes and LDLR, without affecting COMMD3 present in other fractions ( Figure 4A ). These results suggest that the main disturbance of COMMD3 levels on COMMD1 deficiency is on the fraction of COMMD3 that is associated with the CCC and WASH complexes and LDLR. ΔHep determined by immunoblot analysis.
G, Commd1, Ccdc22, and Ccdc93 expression in livers of Commd6
ΔHep and WT mice (n=7-9). Group averages with SEM are shown. June 8, 2018
To assess whether all COMMD proteins and CCC core subunits bind to COMMD1 in mouse primary hepatocytes, we measured the amount of COMMD and CCC core molecules in COMMD1 immunoprecipitates using a targeted proteomics approach. We found that all COMMD and CCC core proteins interact with COMMD1 ( Figure 4B ). These proteins were not detected in IgG negative control immunoprecipitates.
The association of COMMD1 with all COMMD proteins made us decide to investigate the role of other COMMDs on the protein stability of the COMMD family and CCC core subunits. We quantified the COMMD and CCC proteome also in Commd9
ΔHep livers by proteomics analysis. Ablation of Commd9 reduced the expression of the CCC complex subunits CCDC22, CCDC93, and C16orf62 (P<0.05) to a similar extent as COMMD1 or COMMD6 inactivation ( Figure 3C ; Online Table I ). However, COMMD9 seems to be less essential for COMMD stability, because COMMD1, 2, 3, 6, and 8 expression were only reduced by 40% to 50% (P<0.05) after Commd9 depletion ( Figure 3C ). This partial reduction in COMMD1 and COMMD6 levels was confirmed by Western blot analysis ( Figure 4C and 4D) .
Heterozygous loss of Commd1 or Commd6 does not alter plasma cholesterol levels (B. van de Sluis, unpublished data, 2017), 8, 10 and because COMMD1 and COMMD6 levels were only reduced by ≈40% in COMMD9-deficient livers ( Figure 3C ; Online Table I), this led us to investigate the effect of hepatic COMMD9 deficiency on plasma TC levels. Ablation of hepatic Commd9 increased plasma TC levels (P<0.001) and ApoB100 levels (P<0.001), including plasma LDL cholesterol (Online Figure VIA and VIB) , to a similar degree as hepatic Commd1 5 or Commd6 depletion ( Figure 1A ), without affecting body weight, liver weight, or liver histology (Online Figure VIC and VID) .
Taken together, these results indicate that the protein expression of COMMDs relies on each other through forming multiprotein complexes, and the degree of dependency differs between COMMD proteins. In contrast, the stability of the CCC core components (CCDC22, CCDC93, and C16orf62) seems to be entirely dependent on the COMMD proteins. This specific decrease in the CCC core components in all 3 models of hepatic COMMD deficiency coincides with elevated plasma cholesterol levels.
Hepatic Ablation of the CCC Component CCDC22 Increases Circulating Cholesterol Levels
To directly examine whether this specific loss of the CCC core underlies the increased circulating plasma cholesterol in our mouse models, we targeted one of its key component Ccdc22 in hepatocytes of mouse livers using CRISPR/Cas9 gene editing technology. Three gRNAs were designed to simultaneously target exon 1 and exon 2 of Ccdc22 (Online Figure VIIA) . These gRNAs (Ad-gRNA_Ccdc22) were directed to the liver of either WT or liver-specific Cas9-expressing C57BL/6J mice using an adenoviral gene delivery system. One week before virus administration, blood was collected to ensure the plasma cholesterol values of WT and Cas9-expressing C57BL/6J mice were similar (Online Figure VIIB) . Twentyone days after virus injection, blood and tissues were collected for analysis (Online Figure VIIB) . Hepatic expression of the 3 gRNAs reduced CCDC22 expression by ≈70% and 
, and Commd9
ΔHep mice compared with WT mice (n=4).
diminished the levels of CCDC93, C16orf62, and COMMD1 ( Figure 5A and 5B). Targeted proteomics analysis showed that the expression of all COMMD proteins was significantly reduced by targeting Ccdc22, with the exception of COMMD6 (Online Figure VIIC) . CCDC22 inactivation did not alter the body weight, liver weight, or cause overt liver pathology (Online Figure VIIC and VIID) , but it increased plasma TC levels by ≈35% (P<0.01) compared with WT mice injected with Ad-gRNA_Ccdc22 ( Figure 5C ). Lipoprotein fractionation by fast-performance liquid chromatography revealed that increased plasma cholesterol levels were because of increased plasma LDL cholesterol ( Figure 5D ), supported by the increased plasma ApoB100 levels ( Figure 5E ). In summary, these results indicate that proper formation of the core of the CCC complex in hepatocytes is required to control plasma LDL cholesterol levels.
Hepatic CCC Complex Ablation Exacerbates Hyperlipidemia and Accelerates Atherosclerosis
The reduced surface levels of both LDLR and LRP1 on inactivation of the CCC complex (Online Figure VB) suggest that the CCC complex orchestrate the trafficking of both receptors. Because LDLR can compensate for the loss of LRP1, studying LRP1 functioning in the clearance of plasma ApoEand ApoB-containing particles in mice is only possible in a hepatic LDLR-deficient background. 28 To assess the role of CCC complex in LRP1 functioning, we overexpressed a gain-of-function variant of PCSK9 (proprotein convertase subtilisin/kexin type 9)-D377Y in the liver of WT and 
Commd1Δ
Hep mice by injecting an adeno-associated virusexpressing human PCSK9-D377Y 29 into the mouse veins. PCSK9-D377Y expression blunted the protein expression of LDLR, but not LRP1, in the liver of WT and Commd1Δ Hep mice ( Figure 6A ). As expected, LDLR deficiency led to a significant increase in plasma TC and triglyceride ( Figure 6B ) in WT mice. Animals that lack the protein expression of both COMMD1 and LDLR showed higher increase in plasma TC and triglyceride levels compared with mice only deficient for LDLR in the liver ( Figure 6B ). The plasma concentrations of ApoB100 and ApoB48 were examined by Coomassie staining and showed that LDLR deficiency resulted in a marked increase in both apolipoproteins ( Figure 6C ). In contrast, hepatic ablation of both LDLR and COMMD1 further increased ApoB48 levels compared with control animals ( Figure 6C ). This dramatic increase in ApoB48 in mice deficient for both COMMD1 and LDLR is supported by targeted proteomics analysis of the plasma samples of both groups in which we specifically determined the plasma concentration of ApoB100 and ApoB48 ( Figure 6D ). This further rise in both plasma TC and ApoB48 levels was also reflected by the marked change in their plasma lipoprotein profile ( Figure 6E ). Hepatic deficiency of both COMMD1 and LDLR led to a large increase of plasma lipoproteins in the chylomicron remnant/very-low-density lipoprotein and LDL size range. A similar increase in plasma ApoB48 levels and change in lipoprotein profile has been seen on hepatic depletion of both Ldlr and Lrp1, 28 suggesting that the CCC complex also facilitates the functioning of LRP1.
Next, we investigated the contribution of CCC-mediated endosomal LDLR/LRP1 trafficking on the progression of atherosclerosis. We used ApoE3*Leiden (ApoE3*L) transgenic mice as a model for atherosclerosis 30 because these mice are hyperlipidemic, develop atherosclerosis, and express LDLR in their livers, 31 which we thought to be essential in evaluating the contribution of the CCC complex to dyslipidemia and atherogenesis. Liver-specific Commd1 knockout (Commd1Δ Hep ) mice were crossbred with ApoE3*L mice to ablate Commd1 in hepatocytes (ApoE3*L;Commd1Δ
Hep ). Hepatic COMMD1 deficiency did not affect the total protein expression of LDLR and LRP1 in the liver of ApoE3*L (Online Figure VIIIA) mice fed a HFC diet for 12 weeks but resulted in a dramatical rise in plasma TC and triglyceride levels (≈100% increase; P<0.001; Figure 7A ). Very-lowdensity lipoprotein cholesterol and LDL cholesterol levels were notably increased by inactivation of the CCC complex ( Figure 7B ), supported by the increased plasma ApoB100 levels. This rise in plasma cholesterol levels coincided with ≈50% larger atherosclerotic lesion area (P<0.01) in the aortic root of these animals ( Figure 7C and 7D) . Atherosclerotic lesions in the aortic root were small and foam-cell rich ( Figure 7C and 7D) . We then assessed atherosclerotic lesion area in the aortic arch by performing en face analysis using Oil Red O staining. We observed no atherosclerotic lesions 
Discussion
Removal of atherogenic LDL cholesterol from the circulation is highly dependent on hepatic LDLR, and progress has been made in our understanding of how LDL trafficking is mechanistically coordinated. Recently, the CCC complexa multiprotein complex associated with vital elements of the endocytic sorting machinery 9 -was identified as a novel factor of endosomal LDLR trafficking (Online Figure IX) . 8 In this study, we revealed that the integrity of the CCC core components, namely, CCDC22, CCDC93 and C16orf62, is not exclusively controlled by COMMD1, 8 but by numerous members of the COMMD family (Online Figure IX) . In addition, our data also suggest that the stability of the COMMDs in hepatocytes relies on the CCC core component CCDC22, indicating a strong interrelation between the COMMD family and the core of the CCC complex in endosomal trafficking of cell surface receptors, including LDLR and LRP1. 8 It has been implicated that the COMMDs form heterogeneous CCC complexes that facilitate receptor-specific endosomal trafficking, 9, 18, 21, 22 but their contribution in the formation of the CCC complex in endosomal LDLR trafficking was still unclear. To investigate this, we generated and characterized different liver-specific Commd knockout mouse models (Commd1, Commd6, and Commd9), and we identified for the first time that the stability of the core of the CCC complex depends on numerous COMMDs, as CCDC22, CCDC93, and C16orf62 levels were massively reduced on hepatic deletion of Commd1, Commd6, or Commd9. This loss of the CCC core subunits was correlated with elevated plasma LDL cholesterol levels in all our models, 8 indicating that specific disruption of the CCC core leads to the hypercholesterolemic phenotype. 8, 11 Indeed, using CRISPR/Cas9-mediated somatic gene targeting, we achieved extensive reduction in hepatocyte CCDC22 levels and provided evidence for a direct role for the core of the CCC complex in the regulating of plasma cholesterol levels in mice. In addition, we found that perturbation in the CCC complex contributes in the progression of atherosclerosis in ApoE3*L mice, a mouse model with a human-like lipoprotein profile. Although the total protein levels of hepatic LDLR and LRP1 in WT and ApoE3*L mice are not affected on CCC inactivation, this study and our previous work 8 showed ΔHep mice before and 3 wk after injection of AAV-PCSK9-D377Y (n=9-10). C, Plasma of uninjected and AAV-PCSK9-D377Y-injected WT and Commd1
ΔHep mice was separated by SDS gel electrophoresis and ApoB100 and ApoB48 was visualized by Coomassie staining. D, Plasma ApoB100, ApoB48, and ApoA1 levels of WT and Commd1 ΔHep mice 3 wk after injection of AAV-PCSK9-D377Y (n=6). E, Average total cholesterol in fast-performance liquid chromatography fractionated plasma of AAV-PCSK9-D377Y-injected WT and Commd1
ΔHep mice (n=9-10). Group averages and SEM are shown. *P<0.05, **P<0.01, ***P<0.001 (compared with controls).
that hepatic CCC deficiency reduces surface levels of LDLR and LRP1-likely because of impaired endosomal receptor trafficking 8 -leading to increased plasma LDL cholesterol levels and accelerated atherosclerosis (Online Figure IX) . In humans, mutations in CCDC22 cause the severe developmental disorder X-linked intellectual disability, and we recently showed that the CCDC22 mutations are also correlated with hypercholesterolemia in these patients. 8 Now, we provide genetic evidence that CCDC22 insufficiency directly cause high plasma LDL cholesterol levels in X-linked intellectual disability patients and establish that CCC complex-mediated LDLR trafficking is conserved between mice and humans. However, whether human genetic variants in COMMDs, CCDC93, and C16orf62 exist and those are associated with plasma lipid levels and cardiovascular events needs to be validated.
This study shows also for the first time that the expression of the COMMD proteins in hepatocytes relies on each other, but intriguingly, the degree of dependency differs between COMMD proteins. For example, COMMD5 and COMMD10 are reduced by ≈70%, whereas COMMD3 is only diminished by 50% on Commd1, Commd6, or Commd9 depletion. The exact reason for these differences is unclear, but our cell fractionation experiments showed that only the fraction of COMMD3 proteins associated with the CCC and WASH complexes are adversely affected after Commd1 deletion. These results suggest that the portion of the COMMDs assembled into the CCC complexes is particularly disturbed by removal of another COMMD protein. The fraction of a COMMD protein that is not affected by the loss of another COMMD protein is likely present in other cellular compartments, where they likely mediate other biological activities of these factors, similarly to what has been reported for COMMD1, which can also regulate NF-κB (nuclear factor kappa B) and HIF-1 (hypoxia inducible factor 1) signaling. 17, 19, 32 The reduction of all COMMDs and the CCC core subunits (CCDC22, CCD93, and C16orf62) on loss of any COMMD studied is remarkably, which mystifies the biological relevance of hepatic expression of 10 different COMMD proteins that are all assembled into a CCC complex. 9, 18, 21, 22 Because only COMMD5 and COMMD9 regulate Notch receptor recycling 18 and only a few COMMDs, including COMMD1, bind to the copper transporting protein ATP7B to mediate its trafficking, 11 it has been postulated that the COMMDs define different CCC complexes that act in conjunction with the WASH complex for selective endosomal trafficking of transmembrane proteins. We now show that in addition to COMMD1, also COMMD3 and COMMD6 are associated with the WASH complex. 9 On the basis of these novel findings, it is reasonable to speculate that elevated plasma LDL cholesterol after downregulation of one COMMD protein is indirect and is the consequence of destabilizing of different CCC complexes, including the CCC complex that directly mediates endosomal LDLR sorting. Further studies are needed to elucidate the stoichiometry of these heterogeneous CCC complexes in receptor-specific endosomal trafficking.
We recently speculated that LDLR is retrieved by SNX17 (sorting nexin 17) from the lysosomes before LDLR is transferred to the CCC and WASH complexes for endosomal recycling (Online Figure IX) . 8 SNX17 (sortin nexin 17) also facilitates endosomal trafficking of the LRP1. [33] [34] [35] LDLR and LRP1 contain a NPxY motif in their cytoplasmic tail, ΔHep mice fed a high-fat high-cholesterol (HFC) diet for 12 wk (n=8-11). B, Average total cholesterol in fast-performance liquid chromatography fractionated plasma of mice fed a HFC diet for 12 wk. C, Representative images of toluidin blue staining of aortic root of APOE3*L and ApoE3*L;Commd1
ΔHep mice after 12 wk of HFC feeding. D, Quantification of plaque size in ApoE3*L and ApoE3*L;Commd1
ΔHep mice after 12 wk of HFC feeding. E, Lesion area is the average of 10 cross-sections per animal (n=8-11). Group averages and SEM are shown. **P<0.01, ***P<0.001 (compared with controls).
and both SNX17 and COMMD1 can bind to this NPxY motif, 8, [35] [36] [37] suggesting that the CCC complex can facilitate the endosomal trafficking of various members of the LDLR family that contain this motif, including LRP1. 38 Indeed, our in vitro and in vivo results indicate that the functioning of LDLR and LRP1 are both affected by inactivation of the CCC complex (Online Figure IXB) . We, therefore, speculate that on entering the endosomes, LDLR and LRP1 are coupled to SNX17 and are recycled by CCC and WASH complexes. 8 McNally et al 34 recently identified a multiprotein complex, called retriever, which is composed of DSCR3, VPS29, and C16orf62. In this study, the authors suggest that C16orf62 does not belong to the CCC complex but participate in the retriever as a separate complex in the CCC-WASH axis. 34 This is an interesting observation, as our study implies that C16orf62 does participate in the CCC complex because ablation of either Ccdc22 or a Commd gene leads to a dramatic reduction in C16orf62 levels. In contrast, a decrease in C16orf62 levels has not been seen in HeLa cells deficient for both CCDC22 and CCDC93. 34 The exact reason for these opposite results is unclear, but it might be that loss of the CCC complex results in mislocalization of C16orf62-as the recruitment of the retriever to the endosomes relies on the CCC and WASH complexes 34 -that may eventually lead to proteolysis of this protein in hepatocytes. Further research is, therefore, needed to fully understand the molecular organization of the SNX17-retriever-CCC-WASH axis in coordinating the endosomal recycling of receptors, including LDLR and LRP1 (Online Figure IX) .
We speculate that PCSK9 prevents LDLR to be recognized by the CCC-WASH axis and directly targets LDLR for proteolysis, a process that is independent of ESCRT (endosomal sorting complexes required for transport machinery). 39 Receptors that are not retrieved and recycled by the CCC-WASH axis are sorted into the lysosome for proteolysis, a process likely mediated by ESCRT (Online Figure IXA) . 34 Therefore, we hypothesize that the PCSK9-mediated LDLR degradation and CCC-dependent LDLR recycling pathways are acting independently of each other, but further research is needed to understand the relation between these 2 pathways.
Interestingly, our data show that hepatic ablation of Commd1 8 and Commd6 in mice fed a chow diet also lead to elevated plasma high-density lipoprotein cholesterol levels. Plasma high-density lipoprotein cholesteryl esters uptake is mediated by the SR-B1 (scavenger receptor class B member 1). Because different studies have shown that SR-B1 can be endocytosed, 40 this may indicate that the CCC complex has also a role in SR-B1-mediated high-density lipoprotein cholesteryl esters uptake, but further studies are warranted.
Collectively, our study has uncovered a previously unknown role for the evolutionarily conserved COMMD proteins in maintaining the integrity and function of the hepatocyte CCC complex during endosomal LDLR and LRP1 trafficking.
